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ABSTRACT

By scattering particles and causing dissipation, waves in a collisionless shock play a role similar to collisions in an ordinary gas.

In

describing the waves and instability that occur near a shock three regions
must be considered:

(1) the transition region, (2) the upstream region, and

(3) the downstream region.

The transition region is usually characterized

by an abrupt broadband burst of electrostatic noise extending to frequencies
well above the ion plasma frequency, and by a broadband burst of whistlermode electromagnetic noise at frequencies below the electron cyclotron frequency.

The burst of electrostatic noise is believed to be the primary

mechanism by which heating and dissipation takes place at the shock.

This

noise is believed to be ion-acoustic noise driven either by a current or an
electron beam in the shock.

Electrostatic lower-hybrid waves are also some-

times observed in the transition region.

These waves are excited by ions

reflected by the shock, and can be very effective at heating both ion and
electrons.
Upstream of the shock electron plasma oscillations, ion-acoustic waves,
and intense ULF (ultra-low-frequency) magnetohydrodynamic waves are frequently observed.

The electron plasma oscillations occur in the electron

foreshock and are driven by suprathermal electrons escaping into the region
upstream of the shock.

Both the ion-acoustic and ULF waves occur in the ion

foreshock and are associated with ions streaming into the region upstream of

11

the shock.

The region downstream of the shock is usually very chaotic.

Electrostatic waves, similar to the broadband noise in the transition region
but less intense, often extends long distances into the downstream region.
Whistler-mode emissions also frequently are observed in the downstream
region.

Some of these waves may be locally generated, and others may be

convected downstream from the shock.
This paper reviews all of the above waves and comments on the
similarities between waves observed near the bow shocks of earth, Venus,
Jupiter and Saturn, and interplanetary shocks.

Possible mechanisms for

generating each type of wave are also considered.

■

I.

INTRODUCTION

Shock waves are characterized by an abrupt density change in a thin
dissipative layer that propagates through the fluid.

In the dissipation

layer energy associated with the ordered flow is irreversibly coaverted into
disordered thermal energy.

In an ordinary gas this energy transfer is

caused by collisions between molecules in the gas.

In a tenuous plasma,

where collisionless are essentially negligible, the energy transfer is
caused by wave-particle interactions.

The first evidence of collisionless

shocks was obtained from spacecraft observations in the solar wind upstream
of the earth's magnetosphere [Ness et al., 1964].

Collisionless shock waves

have also been produced in laboratory plasmas [Paul et al., 1965].

Since

the discovery of collisionless shocks, the central question has been to
explain how the dissipation can occur in an essentially collisionless gas.
It is now widely recognized that waves generated by instabilities in the
shock transition region act to heat the plasma via wave-particle interactions, thereby producing dissipation.

Wave-particle interactions there-

fore play a role similar to collisions in an ordinary gas.

The purpose of

this chapter is to review spacecraft observations of waves associated with
collisionless shocks and discuss the origin of these waves.

This review

only considers the waves responsible for the dissipation, and does not
attempt to describe the quasi-stationary waves that make up the shock transition itself.

Although the importance of waves and instabilities in collisionless
shocks was recognized in many early theoretical analyses, it was not until
the launch of the OGO series of satellites that suitable measurements were
available to confirm the existence of these waves.

The first observations

of magnetic field turbulence associated with the earth's bow shock were
obtained by Holzer et al. [1966], and the first electric field observations
were obtained by Fredricks et al. [1968; 1970].

Of these the electric field

measurements of Fredricks et al. are particularly important because they
demonstrated that electrostatic turbulence was responsible for the plasma
heating and dissipation in the shock.

•
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■ Since the early OGO observations many measurements have been made of
plasma wave turbulence in collisionless shocks.

These include measurements

at the bow shocks of four planets, Venus, Earth, Jupiter and Saturn, and the
detection of shock waves in the interplanetary medium.

It is not possible,

or even desirable, to give a full chronological account of all of the
individual contributions to this area of research.

Instead, what we will

attempt to do is present the main features of the observations in as systematic a manner as possible.
distinct topics:

The discussion will be organized into three

(1) the transition region, (2) the upstream region, and

(3) the downstream region.

In each region we will attempt to characterize

the electric and magnetic field spectrums, comment on the factors that
control the variability of the noise, and discuss the various interpretations of the instabilities involved.

''

II.

THE SHOCK TRANSITION REGION

Because the transition region is where the main heating takes place, we
first concentrate our attention on this region.

Figure 1 shows the electric

and magnetic fields detected by ISEE-1 during a typical crossing of the
earth's bow shock.

This crossing occurred on December 13, 1977, at a mag-

netic local time of 8.2 hr. and a geocentric radial distance of 16.7 Rg.
The shock in this case was a quasi-perpendicular, super-critical, turbulent
shock.

For a further discussion of this particular shock, see Feldman et

al. [1982] .

'

As can be seen from Figure 1, an abrupt burst of electric and magnetic
field noise occurs as the magnetic field changes from the upstream value of
about 6 nT to the downstream value of about 15 nl.
the transition region.

This region is called

Both the electric and magnetic field noise extend

over a broad frequency range, from below 5 Hz to about 10 kHz for the electric field, and from beloW 5 Hz to about 300 Hz for the magnetic field.

The

electric field spectrum remains relatively flat over a large frequency
range, whereas the magnetic field spectrum drops rapidly with increasing
frequency.

The upper frequency limit of the magnetic field noise is near

the electron cyclotron frequency, f^e* which varies from about 170 Hz in the
upstream region to about 420 Hz in the downstream region.

The upper fre-

quency limit of the electric field noise is near the electron plasma
frequency, fpg, which varies from about 15 kHz in the upstream region to

about 28 kHz in the downstream region.

For both the electric and magnetic

field noise the region of highest intensity lasts about 30 seconds, with the
peak intensities roughly centered on the ramp in the magnetic field.

The

magnetic noise is almost entirely confined to within one minute of the
shock.

i

The electric field noise on the other hand extends far into the
■

downstream region.

The electric and magnetic field intensities shown in Figure 1 are typical of quasi-perpendicular shocks.

Quasi-perpendicular shocks are shocks

for which the angle between the upstream magnetic field and the shock
normal, Sgj^, is greater than 45° [Greenstadt and Fredricks, 1979].

For Og^

less than about 45° the shock structure is dominated by nonlocal effects
arising from particles and waves propagating into the upstream region.
Shocks with

Q-Q^

less than 45° are called quasi-parallel shocks [Greenstadt

and Fredricks, 1979].

For quasi-parallel shocks it is sometimes not

possible to clearly identify a shock transition.
parallel shock is discussed later.

An example of a
,

,

■•■■■,

quasi-

■•,

The plasma wave intensities observed in the earth's bow shock vary considerably from event to event.

Some typical shock spectrums are illustrated

in Figure 2, which is taken from Rodriguez and Gurnett [1975].

This illus-

tration shows the electric and magnetic field spectrums from 36 shock crossing selected at random from the IMP-6 spacecraft data.

Most of these spec-

trums are for quasi-perpendicular shocks, although a few (~ 15%) are for
quasi-parallel shocks.

Each spectrum gives the spectral density averaged

over an interval of 5.12 sec at the time of maximum intensity.

"

As can be

seen, the intensities vary over a large range, up to 4 orders of magnitude

for the electric field and 2 orders of magnitude for the magnetic field.
The r.ra.s. field strength, integrated over the frequency range shovra, varies
from about 0.19 to 4.0 raV m~^ for the electric field and from about 4.6 to
84 pT for the magnetic field.
on short time scales.

The field intensities fluctuate considerably

When averaged over intervals of 0.1 sec, the peak

field strengths are typically 3 to 10 times larger than those shown in
Figure 2.
Usually the magnetic field spectrum decreases raonotonically with
increasing frequency, varying approximately as f~'+'0-0.5 [Rodriguez and
Gurnett, 1975].

The spectrum tends to steepen somewhat above about 100 Hz,

and drops below the instrument noise level at frequencies about a few
hundred Hz.

This trend can be seen in several of the magnetic spectrums

shown in Figure 2.

Careful inspection of the electric field spectrums shows

that the electric field spectrum consists of two components:

a low fre-

quency component below a few hundred Hz, varying approximately as f"2.0-1.0^
and a high frequency component with a broad peak at about one kHz.

The

general form of these various components is summarized in Figure 3.

The low

frequency magnetic noise and the low frequency component of the electric
field noise are believed to be due to electromagnetic whistler mode waves
[Rodriguez and Gurnett, 1975].

The high frequency electric field noise con-

sists of electrostatic waves since no magnetic component can be detected.
In addition to the spectrums from the earth's bow shock, electric field
spectrums have also been obtained from the bow shocks of three other
planets:

Venus, Jupiter and Saturn.

The electric field spectrums from all

four planets have been compared by Scarf et al. [1981], and are summarized

in Figure 4.

The measurements at Jupiter and Saturn are from Voyagers 1 and

2, and the measurements at Venus are from the Pioneer Venus Orbiter.
Although the measurements are not identical in all cases, the electric field
spectrums show a remarkably close similarity, particularly for Earth,
Jupiter and Saturn.

The spectrums at these three planets show evidence of

both low frequency and high frequency components, and have rather similar
intensities.

The upper frequency cutoff of the high frequency component

varies in direct proportion to the electron plasma frequency, which varies
inversely with the radial distance from the sun.

The main difference in the

spectrums is that the high frequency component at Jupiter and Saturn appears
to be more sharply peaked and more clearly separated from the low frequency
component than at the earth.

:.

The Pioneer Venus spectrums differ somewhat from the spectrums at
Earth, Jupiter and Saturn.

,

Usually the spectrums at Venus are more intense

and decrease monotonically with increasing frequency, with no evidence of
high and low frequency components.
instrumental effects.

>.

Some of these differences may be due to

The Pioneer Venus instrument [Scarf et al., 1980] has

poorer frequency resolution (only four frequencies) and lower sensitivity
than either the IMP-6 or Voyager instruments.

With only four frequency
■

channels it would be difficult to distinguish the high and low frequency
components evident in the IMP-6 and Voyager data.

^

, •

.'

: ,
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Plasma wave turbulence similar to that observed at planetary bow shocks
has been reported in association with interplanetary shocks by a number of
investigators, including Scarf et al. [1974], Neubauer et al. [1977], Scarf
[1978], Gurnett et al. [1979], and Kennel et al. [1982].

Interplanetary

shocks can be produced either by flares at the sun, or by co-rotating high
speed streams [Hundhausen, 1972].

Since co-rotating shocks are relatively

rare at 1 AU, almost all of the plasma wave observations are for shocks
produced by solar flares.

The plasma wave turbulence associated with inter-

planetary shocks is very similar to the turbulence observed at planetary bow
shocks.

Usually the turbulence consists of a low frequency electromagnetic

component, believed to be whistler mode waves, and a high frequency electrostatic component extending up to near the electron plasma frequency.
Although the types of waves observed at interplanetary shocks are very
similar to those observed at planetary shocks, the intensities are usually
lower, particularly for the high frequency electrostatic component.

This

difference is illustrated in Figure 5 which shows the electric and magnetic
field spectrums for a series of interplanetary shocks detected by the ISEE-3
spacecraft at 1 AU.

The electric and magnetic field turbulence of these

shocks has been previously discussed by Kennel et al. [1982].

By comparing

these spectrums with the IMP-6 spectrums in Figure 2, it can be seen that
the electric field intensities of the interplanetary shocks are about two to
three orders of magnitude lower than for the earth's bow shock.

The mag-

netic field intensities, on the other hand, are rather similar.

The reason

for the lower electric field intensities is probably related to the shock
strength.

Usually interplanetary shocks have much lower Mach numbers than

planetary bow shocks.

For example, the average Mach number of the inter-

planetary shocks in Figure 5 is only 2.6, whereas for the bow shocks in
Figure 2 the average Mach number is 7.8.

It is evident from the above examples that the intensity of the plasma
wave turbulence associated with collisionless shocks varies considerably
from event to event.

Even after nearly twenty years of study the factors

that control the intensities are only partially understood.

The only

systematic investigation of the relation between the upstream parameters and
the wave intensities is the study carried out by Rodriguez and Gurnett
[1976].

In their study, a total of 96 shocks detected by IMP-6 were used to

determine the correlation between three plasma wave intensities and twelve
upstream plasma parameters.
r.m.s. field strength,

EL,

The plasma wave intensities used were (1) the
of the low frequency electric field noise,

(2) the r.m.s. field strength, E^, of the high frequency electrostatic
noise, and (3) the r.m.s. field strength,
noise.

BL,

of the low frequency magnetic

The field strengths E^ and Ejj were computed by integrating the elec-

tric field spectrums from 20 Hz to 200 Hz and 200 Hz to 4 kHz, and B^ was

.,,

computed by integrating the magnetic field spectrum from 20 Hz to 4 kHz.
The upstream plasma parameters used were the Alfven Mach numbers, M^; the
sonic Mach number, Mg; the solar wind velocity, Vg^; the plasma number density, N; the electron and ion temperatures, Tg and T-;^; the electron to
ion temperature ratio,

TQ/T±;

;>

the plasma energy density to magnetic energy

density ratio, |j; the magnetic field strength,

|B|;

and the angle between

the magnetic field and the shock normal, Q-g^.

For each combination of

plasma wave intensity and upstream plasma parameter, the linear correlation
coefficient was computed between the logarithm of the plasma wave intensity
and the upstream parameter.

The logarithm of the plasma wave intensity was

used because the dynamic range is usually so large that the intensities

cannot reasonably be represented by a linear parameter.

The resulting

correlation coefficients are summarized in Table 1.
As can be seen from Table 1, the highest correlation coefficient
listed, 0.60, is between the high frequency component of electric field, E^,
and the electron to ion temperature ratio, Tg/T^.
two parameters is shown in Figure 6.

A scatter plot of these

This plot clearly shows that the elec-

tric field intensity of the high frequency electrostatic noise increases as
Tg/Tj^ increases.

Another parameter that appears to have an important

influence is the shock normal angle, Og^, which is correlated with both the
electric and magnetic field amplitude of the low frequency electromagnetic
noise.

A.

Interpretation of the High Frequency Electrostatic Noise

We now consider the various instability mechanisms that have been
proposed to explain the high frequency electrostatic noise.

The instability

responsible for this noise has been controversial ever since its discovery
by Fredricks et al. [1968].

The instabilities that could possibly be

responsible for this noise are (1) a Buneman mode instability, (2) a
current-driven ion-acoustic instability, (3) an ion-beam instability, and
(4) an electron-beam instability.

The main interpretational difficulty has

to do with the rest frame frequency of the waves.

Because the wavelength of

the electrostatic waves can be very short, the Doppler shift due to the
motion of the solar wind can be very large, in some cases much larger than
the rest frame frequency.

Since the wavelength cannot be directly measured,

the rest frame frequency is unknown.

This makes it impossible to uniquely

identify the plasma wave mode on the basis of the frequency spectrum alone.

10

First, we consider the Buneman instability.

This instability is an '

electrostatic instability caused by a relative drift between the electrons
and ions, as would be expected in the current layer associated with the magnetic ramp.

The Buneman instability occurs over a broad range of frequen-

cies centered on the Buneman frequency, fg = (l/2)(me/2 mi)l/3f
frequency is indicated at the bottom of Figure 3.

j^^g

Because the Buneman mode

has relatively long wavelengths, the Doppler shift is small.

The observed

frequency is then essentially the same as the rest frame frequency.

As can

be seen in Figure 3 the Buneman frequency is in good agreement with the peak
in the spectrum of the high frequency electrostatic noise.

The broad band-

width of the high frequency electrostatic noise is also in agreement with
the broad bandwidth expected for the Buneman mode.

Thus, on the basis of

the frequency spectrum alone the Buneman instability would appear to be a
good candidate.

The main difficulty with the Buneman instability is that a

very large drift velocity, much greater than the electron thermal velocity,
is required before the instability occurs.

Both plasma and magnetic field

measurements show that such large drift velocities do not occur in the
transition region.

Thus, although the frequency and bandwidth are in the

proper range, the Buneman instability is not regarded as a viable mechanism
for generating the high frequency electrostatic noise.
Next, we consider the current-driven ion-acoustic instability.
instability is also driven by a drift between the electrons and ions.

This
The

threshold drift velocity for this instability is strongly dependent on the
electron to ion temperature ratio [Stix, 1962].

When Tg/T^ is near one the

threshold is very high, comparable to the electron thermal velocity.

As

11

Tg/TjL increases, the threshold drops very rapidly, approaching the ion thermal speed for Tg/Tj^ » 1.

As discussed earlier, the intensity of the high

frequency electrostatic noise is closely correlated with Tg/T^, increasing
rapidly for T^/Tj^ >> 1.

This correlation provides a strong indication that

the current-driven ion-acoustic instability may be responsible for the
noise.

However, we must also consider the frequency spectrum.

It is well-

known that the rest frame frequency of the ion-acoustic mode is always below
the ion plasma frequency, fpi.

As can be seen from Figure 3, the frequency

spectrum extends well above fp^, apparently in disagreement with an ionacoustic interpretation.

However, when the drift velocity is well above

threshold, the wavelengths excited by the ion-acoustic instability are very
short, X >
X -

where

XQ

is the Debye length.

Wavelengths shorter than

are strongly damped by ion Landau damping [Krall and Trivelpiece,

ZITAQ

1973] .

2TTXQ,

Because of the short wavelength, the Doppler shift for the ion-

acoustic mode is very large, much larger than the rest frame frequency.

The

maximum Doppler shift is given by Vg^/2TrXQ, where Vg^ is the solar wind
velocity.

For typical conditions in the solar wind at the earth (Vg^ = 400

km s~^, N = 5 cm~3j and Tg = 1.4 x 10^°K), the maximum Doppler shift frequency is about 6 kHz.

As can be seen in Figure 3, the maximum Doppler

shift, Vm^/2TTAQ, is in good agreement with the upper cutoff of the high frequency electrostatic noise.

Because the Debye length depends on the elec-

tron density, it can be shown that the maximum Doppler shift decreases
inversely with increasing radial distance from the sun.

As can be seen in

Figure 4, the upper cutoff frequency of the electrostatic noise at Earth,
Jupiter and Saturn follows this trend, decreasing inversely with increasing

12

radial distance from the sun.

Note that the maximum Doppler shift and the

electron plasma frequency vary in essentially the same way (for a constant
solar wind velocity and temperature both vary as /ng).

In the ion-acoustic

interpretation it is only coincidental that the upper cutoff is near the
electron plasma frequency since the plasma frequency is not related to the
upper cutoff frequency.
Although the above comparisons provide substantial evidence that the
high frequency electrostatic noise is caused by ion-acoustic waves, there
are nevertheless substantial difficulties.
cases exist for which

TQ/TI

- 1 to 2.

As can be seen in Figure 6, many

Under these conditions strong ion

Landau damping should stabilize the ion-acoustic mode.

Several suggestions

have been made for avoiding this difficulty.

values in Figure 6

The

TQ/T±

are for the undisturbed solar wind ahead of the shock.

Usually the electron

temperature starts to increase well before the main ramp in the shock, is
encountered.

This increase in electron temperature lowers the instability

threshold in the transition region compared to what would be predicted from
the upstream Tg/T^ ratio.

Also, Priest and Sanderson [1972] have shown that

the growth rate of the ion-acoustic instability is enhanced by the electron
temperature gradient that exists ahead of the shock.
. -

.

• •

;,

- ,

The third basic mechanism for generating the high frequency electro- .

static noise is an ion-beam instability.

This mechanism is suggested by the

fact that for quasi-perpendicular shocks the onset of the high frequency
electrostatic noise is often correlated with the appearance of ions
reflected by the shock.

, -

This effect is illustrated in Figure 7, which shows

the reflected ion density, nj, for a quasi-perpendicular shock analyzed by

13

Paschmann et al. [1982].

As can be seen, the onset of the high frequency

electrostatic noise occurs well ahead of the main part of the magnetic ramp
and coincides almost exactly with the onset of the reflected ions gyrating
ahead of the shock.

This relationship is typical of super-critical quasi-

perpendicular shocks and strongly indicates that the reflected ions provide
the free energy for the high frequency electrostatic noise, at least for
this type of shock.

It is well known that ion beams can excite both ion-

acoustic waves [Tidman and Krall, 1971] and short wavelength ion beam modes
[Lemons et al., 1979].

However, these ion-beam driven instabilities also

have a threshold electron to ion temperature ratio, Tg/T-j^ > 5, which is
often difficult to satisfy.

Thus, the ion-beam instability mechanism has

the same difficulty that was encountered In the current-driven ion-acoustic
instability.
Finally, we discuss an electron beam mechanism for generating the high
frequency electrostatic noise.

This mechanism, which was first proposed by

Thomsen et al. [1983], is based on the recent discovery of an electron beam
in the shock transition region [Feldman et al., 1982].

This electron beam

is illustrated in Figure 8 which shows a series of parallel cuts of the
electron distribution function upstream of the shock, in the transition
region, and downstream of the shock.

The beam, which can be seen in the

transition region distribution, is directed toward the downstream region and
is believed to be produced by an electrostatic potential difference across
the shock.

Typical beam energies range from about 50 to 150 eV.

Because

the beam produces a region with a large positive slope in the reduced distribution function, 8F/3vn > 0, the plasma is unstable to electrostatic
waves.

Thomsen et al. [1983] have performed a detailed stability analysis

14

and have concluded that two unstable modes can occur:

(1) an ion-acoustic

mode with frequencies slightly below the ion plasma frequency, and (2) an
electron-acoustic mode with frequencies several times the ion plasma frequency.

The ion-acoustic waves have very short wavelengths, kXp < 0.4,

which implies Doppler shifts sufficiently high to account for the frequency
spectrum of the high frequency electrostatic noise.

The electron-acoustic

waves have longer wavelengths, kXp < 0.14, and smaller Doppler shifts.

The

rest frame frequencies of these waves extend up to approximately 10 fpi>
which is sufficiently high to account for most of the observed spectrum even
without considering Doppler shifts.

The ion-acoustic mode has a slightly

higher growth rate than the electron-acoustic mode, but both instabilities
grow sufficiently rapidly to generate large amplitude waves in the transition region.

Therefore, these electron beam driven instabilities appear to

be good candidates for explaining the high frequency electrostatic noise.
Compared to the other instabilities discussed, they have the desirable
feature of operating for low electron to proton temperature ratios,
Tg/Tp > 1.

■

B.

-';

Alternative Interpretations of the Low Frequency
Electric and Magnetic Field Noise

The low frequency magnetic field noise was first interpreted as
whistler mode turbulence by Olsen et al. [1969].

The presence of a magnetic

field clearly indicates an electromagnetic wave, and in the frequency range,
^ci "^ f ^ ^ce' *-^^ only known electromagnetic mode is the whistler mode.
The main interpretational question involves the low frequency component of
the electric field.

Rodriguez and Gurnett [1975] interpreted the electric

IS

field as the electric component of whistler mode noise.
is consistent with most of the observed characteristics.

This interpretation
First, simple

inspection of the electric and magnetic field plots, such as in Figure 1,
shows that at low frequencies, f < 100 Hz, the temporal variations of the
electric and magnetic fields are very similar.

Both have smooth temporal

variations, occur on similar time scales, and have about the same dynamic
range.
BL^

Second, the spectral shapes are similar, with

EL^

~ f-2.0-1.0 ^^^^j

~ f~'+'0-0'5j and the magnetic to electric field ratio is reasonably con-

sistent with the whistler mode, which predicts that

CBL/EL

■pj-jg

~ f"^''^^

only serious difficulty is with the magnitude of the magnetic to electric
field ratio.

For propagation parallel to the magnetic field, the magnetic

to electric field ratio is given by cB-^/E^ = fpg/(f(,gf) ^''2.

For typical

conditions in the Earth's bow shock (fpg = 20 kHz, and f^^ = 140 Hz) a
representative value for

CBL/EL

is 320 at f = 31 Hz.

Rodriguez and Gurnett [1975] give

CBL/EL

At f = 31 Hz,

values ranging from about 10 to 30.

The electric field is therefore stronger than would be expected for parallel
propagation.

A similar result has been reported for interplanetary shocks

by Coroniti et al. [1982],

This disagreement could either indicate that an

additional electrostatic component is present, or that the whistler mode
waves are propagating at a large angle to the magnetic field.

At large wave

normal angles, near the resonance cone, the whistler mode becomes
electrostatic, which would tend to reduce the

CBL/E^

quasi-

ratio.

The possibility that the low frequency electric field noise could have
a significant electrostatic component has been given added Importance by a
recent Prognoz-8 report of electrostatic lower-hybrid noise in the earth's
bow shock [Vaisberg et al., 1983].

The Prognoz-8 spacecraft has the
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capability of making electric field measurements down to 0.3 Hz, well below
the frequency range of the IMP-6 and ISEE-1 instruments.
noise detected by Prognoz-8 is shown in Figure 9.

A spectrum of the

This spectrum has the

same general frequency dependence and intensity as the low frequency electric field component detected by IMP-6 and ISEE-1, but has the new feature
of exhibiting a well-defined peak near the lower hybrid resonance frequency,
^LHR "^ '^^ce^ci*

^'^ ^he transition region fLHR ^^ typically in the range

from about 3 to 10 Hz.

"

'

'

A number of investigators have considered the possibility of electrostatic instabilities near the lower hybrid resonance frequency [McBride et
al., 1972; Davidson and Gladd, 1975; Huba and Wu, 1976; Hsia et al., 1979;
Wu et al., 1982].

The essential feature of this instability is that elec-

trostatic oscillations can be excited near the lower-hybrid resonance frequency by a variety of unstable electron and ion distribution functions.
Many variants of this instability have been proposed.
instabilities, see Winske [1984].

For a review of these

For the bow shock, Vaisberg et al. [1983]

have suggested that reflected ions provide the free energy to drive the
instability.

The presence of lower hybrid waves in the transition region

could be quite important because these waves are very effective for heating
both electrons and ions.

An important question that remains to be answered

is the relationship of the lower hybrid waves to the whistler mode turbulence in the shock.

It is well known [Stix, 1962] that the lower hybrid

resonance is a limiting case of the whistler mode.

Near the resonance cone,

the whistler mode becomes quasi-electrostatic for frequencies extending from
fLHR ^° *^ce*

This frequency range corresponds very well with the frequency
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range of the low frequency electric field noise (see Figure 3).

Once gener-

ated quasi-electrostatic lower-hybrid waves can be converted to electromagnetic whistler mode waves if the wave vector is refracted away from the
resonance cone by suitable plasma density gradients.

Thus, it is possible

that a lower-hybrid instability could account for some or all of the low frequency electromagnetic noise.
Various mechanisms for generating whistler mode noise via resonant
interactions have been considered by Tokar et al. [1984].
free energy source is the electron beam shown in Figure 8.
interactions were considered:

The most obvious
Three resonant

(1) a Landau resonance at v n = a)/k||, (2) a

cyclotron resonance at v y = (uj - a)(,g)/k||, and (3) an anomalous cyclotron
resonance at Vy = (u) + a)(,g)/k||.

For the Landau resonance the free energy

source is the region of positive slope,

8f/9vn > 0, in the beam, whereas for

the cyclotron and anomalous cyclotron resonances the free energy is the Tj^ >
TII anisotropy in the electron beam (see Figure 8).

Of these, the Landau and

anomalous cyclotron resonances do not give adequate wave growths.

The reason

for the small growth rates is mainly due to the fact that the waves are
generated with wave vectors directed toward the downstream region.

Since the

waves propagate in the direction of plasma flow, they spend too little time
in the transition region for large wave growth to occur.

On the other hand,

for the cyclotron resonance the waves are generated with wave vectors
directed toward the upstream region, against the plasma flow.

For certain

combinations of frequencies and wave vector directions, these waves spend a
long time in the transition region and can grow to very large amplitudes.
Growth rate computations performed by Tokar et al. [1984] show that whistler
mode waves generated by cyclotron resonance interactions with the electron
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beam grow to large amplitudes (10 e-foldings) over a frequency range from
about 5 to 85 Hz.

These amplitudes and frequencies appear to be satis-

factory to explain the main features of the whistler mode noise observed in
the shock.

,
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III.

THE JPSTREAM REGION

•

Because both suprathermal electrons and ions stream into the solar wind
ahead of the shock, it is not surprising that waves and instabilities are
also observed upstream of the shock.

To organize the discussion of these

waves it is useful to distinguish two regions, called the electron foreshock
and the ion foreshock.

Because the particles ejected into the solar wind

are moving relatively slowly, the motion of the solar wind has a significant
effect on the trajectories of the particles.

It is easy to show from time

of flight considerations that a boundary exists ahead of which essentially
no particles are observed.
in Figure 10.

These boundaries are shown by the dashed lines

The region behind the electron boundary is called the elec-

tron foreshock, and the region behind the ion boundary is called the ion
foreshock.

Because the electrons are moving faster, the electron foreshock

boundary is located upstream of the ion foreshock boundary.

For a further

discussion of the dynamical effects responsible for these boundaries see
Greenstadt and Fredricks [1979].
The electron and ion foreshock boundaries are easily identified in the
plasma wave data.

A typical example in which both boundaries are clearly

evident is shown in Figure 11.

In this case the electron foreshock boundary

is encountered at about 1908 UT and is characterized by an abrupt onset of
electron plasma oscillations at the electron plasma frequency.

Electron

plasma oscillations and their association with nonthermal, few keV, electrons streaming into the solar wind from the bow shock were first reported
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by Scarf et al. [1971] and Fredricks et al. [1971],

Although the original

identification of the plasma wave mode was somewhat uncertain, subsequent
studies by various investigators, including Gurnett and Frank [1975],
Filbert and Kellogg [1979] and Anderson et al. [1981], confirmed that the
waves are electrostatic electron plasma oscillations (also called Langmuir
waves).

The k vector of these waves is aligned along the static magnetic

field, as would be expected if they are excited by electrons streaming along
the magnetic field.
The electron plasma oscillations are usually most intense near the
foreshock boundary and become weaker and more irregular in the region behind
the boundary (see Figure 11).

Typical electric field intensities range from

a few hundred pVm~^ to about ten mVm"^.
oscillations is highly variable.

The spectrum of the electron plasma

Near the foreshock boundary the emission

usually occur in a narrow frequency band (Af/f ~ few percent) centered on
the electron plasma frequency.

However, as the spacecraft moves downstream

of the boundary the spectrum spreads both upward and downward in frequency
[Etcheto and Faucheux, 1984; Fuselier et al., 1984],

This change in the

spectrum is illustrated in Figure 12 [from Fuselier et al., 1984], which
shows an electric field spectrogram (A) near the foreshock boundary, and
another (B) farther downstream.

As can be seen the spectrum deep in the

foreshock becomes very complex.

At Jupiter the electric field waveform of

electron plasma oscillations in the foreshock has been shown to break up
into highly structured packets lasting only a few milliseconds [Gurnett et
al., 1981a].
Figure 13.

An example of these highly structured waveforms is shown in
When translated into spatial scale lengths these wave packets

are estimated to have dimensions of only a few tens of Debye lengths.
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Gurnett et al. have suggested that these wave packets may be envelope
solitons that have collapsed down to spatial scales of only a few Debye
lengths.
Several other types of plasma waves are also association with strong
electron plasma oscillations, apparently due to other nonlinear effects.
An example of one of these nonlinear effects can be seen in Figure 11 from
about 1909 to 1913 UT.

During this time a broadband enhancement can be seen

below about 1 kHz that is coincident with the intense burst of plasma oscillations in the 56.2 kHz channel.

These low-frequency electric field

enhancements were noted by Anderson et al. [1981], who suggest that they may
be ion acoustic waves excited by nonlinear coupling to the electron plasma
oscillations.

Kennel et al. [1980] and Anderson et al. [1981] have also

reported electromagnetic whistler-mode emissions that are closely correlated
with intense bursts of electron plasma oscillations.

Electromagnetic emis-

sions at twice the electron plasma frequency, 2fp, are also known to be
generated in the upstream region and have been described by Gurnett and
Frank [1975], and Hoang et al. [1981].

It is widely believed that these 2fp

electromagnetic emissions are produced by mode coupling to electron plasma
oscillations, similar to the mechanisms thought to be responsible for Type
II and Type IV solar radio bursts [Kundu, 1965],
In addition to the electron plasma oscillations, low frequency
hydromagnetic waves with frequencies near 1 Hz are also observed in the
electron foreshock [Hoppe et al., 1982].

Although originally reported in

association with upstream ion beams it now appears certain that the waves
are actually associated with the electron foreshock [Sentman et al., 1983].
Measurements of the phase velocity and polarization of these waves have been

22

performed by Hoppe et al. [1982] using data from the ISEE-1 and -2 spacecraft.

These measurements show that although the waves are left-hand polar-

ized with respect to the static magnetic field in the spacecraft frame of
reference, in the plasma rest frame the waves are actually right-hand polarized.

The polarization reversal between the two frames of reference occurs

because the phase velocity is less than the solar wind velocity.

For

wave vectors directed toward the sun the waves are carried downstream by the
motion of the solar wind, thereby reversing the sense of polarization.

The

wave frequency in the rest frame is typically 20 to 100 times the proton
cyclotron frequency.

This combination of polarization and frequency

uniquely identifies the waves as whistler mode emissions.

;

• ;

.'

After entering the electron foreshock the spacecraft may or may not
encounter the ion foreshock.

The ion foreshock only exists in the region

where the shock is quasi-parallel, because ions can only escape into the
upstream region if Q-^^ > 45°.

For quasi-parallel shocks the ion foreshock

boundary is almost always associated with the onset of strong electrostatic
noise in the frequency range from a few hundred Hz to about 10 kHz and
intense ULF (ultra-low^frequency) magnetohydrodynamic waves.

'

The shock in

Figure 11 is a quasi-parallel shock and has a well-defined ion foreshock
region [personal communication, G. Parks] .

The entry into the ion foreshock

in this case can be easily identified by the onset of the strong electrostatic noise from about 100 Hz to 10 kHz at about 1937 UT.

This type of

electrostatic noise and its association with energetic, 1 to 40 keV, ions
streaming into the solar wind ahead of the shock were first reported by
Scarf et al. [1971].

Until relatively recently the identification of the

mode of propagation of this noise has been somewhat controversial.

The
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difficulty is the same as for the high frequency electrostatic noise in the
transition region.

If the wavelengths are very short then the Doppler shift

is so large that the mode of propagation can not be uniquely identified on
the basis of the frequency spectrum alone.

Gurnett and Frank [1978] ini-

tially suggested that this noise could be accounted for by Doppler-shifted
ion-acoustic waves.

Other modes have also been suggested, such as the

Buneman mode [Rodriguez, 1981], and an ion-beam mode [Lemons et al., 1979].
Recently Fuselier and Gurnett [1984], using interferometry techniques, have
been able to measure the wavelength of the waves.

These measurements show,

with very little doubt, that the waves are ion-acoustic waves.
Typically, the ion-acoustic waves observed in the ion foreshock have
electric field strengths ranging from a few tens of yV/m to about one mV/m.
Although the ion-acoustic waves appear to have a broad bandwidth in multichannel plots such as in Figure 11, in fact the bandwidth is quite narrow.
The narrow bandwidth of the emission can be seen in high resolution spectrograms of the type shown in Figure 14.

As this illustration shows, the emis-

sion occurs in a single narrow emission that fluctuates rapidly in frequency
from a few hundred Hz to about ten kHz.

The rapid frequency variations give

the appearance of a broad bandwidth in the multichannel plots.

Because the

frequency is determined by the Doppler shift, these frequency variations are
mainly due to variations in the wavelength of the ion-acoustic wave.

To a

good approximation the upper frequency limit of the waves is given by
Vsw/27rXD.

.; ^

Waves nearly identical to the ion-acoustic waves observed upstream of
the earth's bow shock have also been observed upstream of the bow shock at
Jupiter [Scarf et al., 1979], at Saturn [Gurnett et al., 1981b], and
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upstream of interplanetary shocks [Kennel et al., 1982].

In the case of

interplanetary shocks it has been shown that the ion-acoustic noise is only
observed for quasi-parallel shocks with 63^^ < 45° [Kennel et al., 1982].

-

This result is consistent with the terrestrial observations which show that
the ion acoustic noise only occurs ahead of quasi-parallel shocks.

Although

it seems likely that the ion-acoustic waves observed ahead of interplanetary
shocks are caused by ions streaming out ahead of the shock, to date there
has been no conclusive identification of these ions.
In addition to the ion-acoustic waves, the ion foreshock is also
filled with intense ULF magnetohydrodynamic waves with frequencies of about
0.03 Hz.

The ULF waves were first discussed in detail by Greenstadt et al.

[1968] and Fairfield et al. [1969].

These waves are often very intense,

with magnetic field amplitudes often comparable to the solar wind magnetic
field strength.

A typical plot of the magnetic field amplitude of the ULF

waves is shown in Figure 15 [from Fairfield et al., 1969].

As can be seen

the waves are quite coherent, often consisting of nearly monochromatic wave
packets lasting several minutes or longer.

Measurements of the phase velo-

city and polarization of these waves have been carried out by Hoppe and
Russell [1983] using data from the ISEE-1 and -2 spacecraft.

These measure-

ments show that although the wave polarization is left-hand in the spacecraft rest frame, the polarization is actually right-hand in the plasma rest
frame.

This polarization reversal between the two frames of reference

occurs because the phase velocity is less than the solar wind velocity, very
similar to the situation with the 1 Hz waves.

The rest frame frequency of

the ULF waves is typically about one-tenth of the proton cyclotron frequency.

The polarization and frequency measurements clearly show that the
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ULF waves are propagating in the right-hand polarized magnetosonlc mode (low
frequency magnetohydrodynamic limit of the whistler mode).

These waves

often show evidence of nonlinear effects, with a tendency to steepen into
sawtooth-like waveforms and to form soliton-like wave packets.

A.

Interpretation of the Upstream Electron Plasma Oscillations

For many years it has been widely accepted that an electron

beam-

plasma instability is responsible for the upstream electron plasma oscillations.

This mechanism was originally proposed by Fredricks et al. [1971].

Despite the early agreement on the origin of the instability it has been
difficult to verify that the reduced one-dimensional distribution function
actually has the region of positive slope, 3F/9vy > 0, required by the
theory [see Krall and Trivelpiece, 1973].

Using electron measurements from

IMP-8 Gurnett and Frank [1975] showed that the electron plasma oscillations
were associated with a well-defined peak in the electron distribution function at an energy of a few hundred eV.

However, they did not show that the

reduced one-dimensional distribution function had a region of positive
slope.

It has only been very recently that Klimas [1983], using electron

measurements from ISEE-1, actually demonstrated that a region of positive
slope (i.e., a beam) is present during a period when electron plasma oscillations are being observed.
The issues that remain to be resolved concerning the upstream electron
plasma oscillations mainly involve nonlinear effects.

A long standing

problem in all beam-plasma interactions is to explain how the beam can
propagate long distances without being disrupted by the electrostatic waves.
It is widely believed that some nonlinear mechanism must act to limit the
wave amplitudes and/or take the wave out of resonance with the beam.

For a
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review of some of the mechanisms that have been proposed, see Papadopoulos
[1978].

Since electron plasma oscillations are observed to propagate at

;

least 200 Rg from the earth, it is clear that some mechanism must be
stabilizing the beam.

The complex amplitude and frequency structure of the

electron plasma observed upstream of the earth (Figure 12) and Jupiter
(Figure 13) probably provide important clues to the mechanisms involved.
However, a full understanding of these beam stabilization effects will
require considerable further study.

B.

Interpretation of the Upstream Ion Acoustic Waves

Although it is known that the upstream ion acoustic waves are produced
by energetic, ~ 1 to 40 keV, ions streaming into the solar wind, the detailed mechanism responsible for these waves remains unknown.

The most obvious

possibility is that the waves are produced by an ion beam instability.
However, this simple explanation encounters serious difficulties.

First, as

discussed by Lemons et al. [1979] a beam-driven ion-acoustic instability
typically requires Tg/T-j^ > 5.

Although this requirement is sometimes

satisfied, in many cases ion acoustic waves are observed when this condition
is not satisfied.

Second, computer studies of the electrostatic dispersion

relation [personal communication, S. Fuselier] show that the ion beam

:, •

temperature must be quite low for an ion beam-driven instability to occur,
usually less than the solar wind ion temperature.

Most studies of the

upstream ion distribution [Paschmann et al., 1981; Eastman et al., 1981]
indicate that the temperatures of the upstream ions are too high for an ionbeam instability to occur.

However, it is possible that the ion beam

temperatures may be overestimated.

Recently, Eastman et al. [1981] and
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Gurgiolo et al. [1981] have reported evidence of gyro-phase bunching effects
in the upstream ion distributions.

These observations suggest that fine

structure may exist in the upstream ion distributions and that the temperature of this fine structure may be much lower than the average temperature
of the entire distribution.

A full analysis of these effects will require

plasma instrumentation with much better temporal and angular resolution than
is currently available.
Because of the difficulties with the ion-beam mechanism another ionacoustic instability mechanism has been proposed by Gurnett and Frank
[1978].

This mechanism is based on a return current induced by the upstream

ions beams.

Because the upstream ions carry charge away from the shock,

this charge imbalance must be compensated by a return current.

This return

current must be carried by a relative drift between the solar wind electrons
and ions.

Calculations of the drift velocity show that it is close to the

ion-acoustic threshold if the electron to ion temperature ratio is sufficiently large Tg/T-[ >> 1.
Tg/T-j^ < 1.

However, the instability cannot occur it

Thus, although promising, the return current mechanism has the

same difficulty with the

TQ/T^

ratio that occurs in the ion-beam insta-

bility.

C.

Interpretation of the Upstream Magnetohydrodynamic Waves

Two types of low frequency magnetohydrodynamic waves must be considered:

(1) the waves with frequencies near 1 Hz, and (2) the ULF waves with

frequencies near 0.03 Hz.

Both types of waves are right-hand polarized in

the plasma rest frame and are propagating in the whistler mode.

In the case
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of the 1 Hz waves the frequency is above the proton cyclotron frequency, and
in the case of the 0.03 Hz waves is below the proton cyclotron frequency.
Because both waves are propagating in essentially the same mode, the
difference in characteristics must be due to the mechanism by which the
waves are excited.

For the 1 Hz waves Sentman et al. [1983] have investi-

gated an anisotropy in the upstream electron distribution as the free energy
source, and for the 0.03 Hz ULF waves Gary et al. [1981] and Sentman et al.
[1981] have investigated various interactions with the upstream ion distributions (both beams and diffuse ions) as the free energy source.

The

anisotropy in the upstream electron distribution appears to be an adequate
free energy source for the 1 Hz waves.

In the case of the ULF waves the

main uncertainties involve the relative importance of the beam and diffuse
ion distributions.

Both ion distributions are present in the ion foreshock

region and both distributions can cause wave growth in the correct frequency
range.

The problem is complicated by the fact that once generated, the

waves can be convected from the region where ion beams are observed into the
region where the diffuse ion distributions occur.

One interesting possi-

bility is that the waves may be responsible for the diffuse ion distribution.

This possibility has been suggested by Winske and Leroy [1984] and

has been supported by computer simulations that show the ions being diffused
into a ring-shaped region in velocity space by an electromagnetic ion beam
instability.

'■'.

,-
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IV.

THE DOWNSTREAM REGION

Inspection of typical shock crossings, such as in Figure 1, shows that
although the highest intensities occur in the transition region, substantial
wave intensities continue for long distances downstream of the shock.

For

the earth's bow shock the downstream noise extends throughout the entire
region between the shock and the magnetopause, a distance of several earth
radii or more.

For interplanetary shocks the downstream noise sometimes

persists for several hours, corresponding to downstream distances as large
as 0.1 A.U.
Two types of noise can be identified in the downstream region:

elec-

trostatic and electromagnetic.

Rodriguez identified three components in the

downstream electrostatic noise:

(1) a low frequency component below a few

hundred Hz, (2) a high frequency component with a peak intensity near a
about one kHz, and (3) a weak narrowband component near the electron plasma
frequency.

The low and high frequency components have spectrums very

similar to the low and high frequency components of the electric field noise
observed in the transition region.

Usually the low frequency component

decays rapidly downstream of the shock (as in Figure 1), leaving the high
frequency component as the dominant type of electrostatic noise downstream
of the shock.

The spectrum of this noise is very similar to the ion-

acoustic wave observed upstream of the shock.

Rodriguez [1979] has shown

that the electric field of the high frequency noise is aligned parallel to
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the static magnetic field.

The narrowband component almost certainly con-

sists of electron plasma oscillations, since the center frequency is close
to the electron plasma frequency.

The electron plasma oscillations in the

downstream region are usually very weak, much weaker than in the upstream
region.
The electromagnetic noise in the downstream region consists of a weak
but persistent broadband component at frequencies below a few hundred Hz
[Smith et al., 1967], and very intense narrowband emissions near 100 Hz
[Smith et al., 1969].

These latter emissions are called lion roars because,

when played into a speaker, they sound like a lion's roar.

Lion roars are

responsible for the brief impulsive bursts in the 31.1 and 56.2 Hz channels
of Figure 1, downstream of the shock.

The peak magnetic field strengths of

the lion roars are rather large, typically in the range from about 40 to 160
pT.

Polarization measurements by Smith and Tsurutani [1976] show that the

lion roars are propagating in the right-hand polarized whistler mode.

A.

Interpretation of the Downstream Electrostatic Noise

The origin of the electrostatic noise observed downstream of the shock
has received virtually no attention.

Since the noise extends continuously

downstream of the shock and has a spectrum similar to the electrostatic
noise in the transition region, it seems likely that the noise consists of
waves that are simply convected downstream from the transition region.

The

best evidence of a transition region source comes from interplanetary
shocks.

In some cases, interplanetary shocks show an exponential decay of

the electrostatic wave intensities with increasing distance behind the shock
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[Gurnett et al., 1979].

An exponential intensity variation suggests that

the waves are undergoing simple linear damping as they are carried dovmstream of the shock.

It is hard to imagine a local generation mechanism

that would give a simple exponential decay.

The main difficulty with this

simple wave transport picture is that the electrostatic waves are often
present for many tens of minutes after the shock crossing.

Such a long

persistence time implies an extraordinarily low damping rate, y/u ~ 10"^ to
10~^ for ion-acoustic waves.

How the plasma could achieve and maintain a

state with such a low damping is not known.

Another puzzling observation is

that at Jupiter and Saturn the electrostatic noise decays very rapidly downstream of the shock, much quicker than behind the earth's bow shock.

B.

Interpretation of the Downstream Electromagnetic Noise

The origin of the broadband low frequency component of the electromagnetic noise has received very little attention.

Smith et al. [1967] sug-

gested that this noise is probably caused by whistler mode waves.

If the

broadband component is due to whistler mode waves then the waves could
either be generated in the transition region, or they could be generated
locally.

For interplanetary shocks the intensity of the broadband magnetic

noise is sometimes observed to decrease exponentially with increasing
distance from the shock [Gurnett et at., 1979; Kennel et al., 1982].

These

observations suggest that the noise is generated in the transition region
and slowly damps as it propagates into the downstream region.

Again, it

seems unlikely that such an exponential decay could be accounted for by a
local generation mechanism.
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The origin of the lion roar emissions has been discussed by several
investigators, including Smith et al. [1969], Smith and Tsurutani [1976],
Thorne and Tsurutani [1981], and Tsurutani et al. [1982].

For these emis-

sions it is almost certain that the waves are generated locally since the
emissions are closely correlated with local depressions in the magnetic
field.

As currently understood, it is believed that the lion roars are

produced by an electron cyclotron resonance instability that occurs when the
electrons have a T_|_ > T n anisotropy.

Typical energies for electron cyclo-

tron resonance interaction with these waves are about 10 to 30 eV.
Usually the cyclotron resonance energy is above the thermal energy of the
electrons.

However, when the magnetic field strength is depressed the

resonance energy drops down into the thermal distribution, thereby greatly
enhancing the whistler-mode growth rates if the appropriate, Tj^ > Ty, anisotropy is present.

Typical electron anisotropies, Tj_/T||, in the region down-

stream of the shock range from about 1.06 to 1.2 [Tsurutani et al., 1982].
For these anisotropies the whistler-mode growth rates are estimated to be
about 100 db/Rg [Thorne and Tsurutani, 1981].

These growth rates are more

than adequate to explain the observed lion roar intensities.'
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V.

CONCLUSIONS

In this review we have described the waves and instabilities that occur
at collisionless shocks and commented on the mechanisms responsible for the
generation of these waves.

It is obvious that although considerable

progress has been made, there are still many unanswered questions concerning
the origin of these waves and instabilities.

In closing this review we wish

to comment on the areas in which further advances can be made, either by
improvements in the instrumentation, or by better and more complete analysis
of existing data.
As has been described, the interpretation of the wave observations is
often complicated by the fact that the plasma is streaming by the spacecraft
at a high speed, thereby introducing a large and usually unknown Doppler
shift.

This problem is particularly serious for electrostatic waves, which

usually have short wavelengths.

The proper interpretation of the Doppler

shift requires knowledge of the wavelength and direction of propagation of
the wave.

Various possibilities exist for obtaining improved information on

the Doppler shift.

Because large directional antenna arrays with dimensions

of many wavelengths (hundreds of meters) are probably not feasible, the only
known technique is to use the antenna as an interferometer, as has been done
by Fuselier and Gurnett [1974].

This technique can be improved by using

longer antennas (the longest wavelength that can be resolved is limited by
the length of the antenna) and antennas of differnent lengths (to provide
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simultaneous measurements at several wavelengths).

Phase measurements

between various antenna elements, such as has recently been demonstrated by
Kintner et al. [1984], can also give improved information on the wavelength
and phase velocity of the waves.
To resolve beams and other nonthermal features that act as free energy
sources for waves much better measurements of the plasma distribution function are required.

Improved temporal resolution and better 3-d velocity

space coverage would be particularly helpful in determining if the upstream
ion distributions have a cold beam component that could be responsible for
the upstream ion-acoustic waves.

Improved temporal and velocity space

resolution would also help identify the features responsible for the fine
■

structure in the upstream electron plasma oscillations.

Last, but not least, it should be emphasized that significant advances
can still be made by improved analysis and modelling of existing data.

More

work needs to be done using measured particle distribution functions to
compute the growth rate and frequency of unstable modes.

In such calcula-

tions special care must be taken to fully understand the instrumental '
effects on the measured particle distribution functions.

In many cases

beams or other small features may exist that are not resolved in the existing data.

In cases where adequate resolution is not available, plasma

simulations may provide important clues indicating which sources of free
energy are most important.

More work also needs to be done on shock simula-

tion codes that can adequately model turbulent dissipation processes, especially those that operate on spatial scales comparable to the Debye length.
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FIGURE CAPTIONS

Figure 1

A multichannel electric and magnetic field plot showing
typical plasma wave intensities observed near the earth's
bow shock.

Figure 2

Measured electric and magnetic field spectrums of plasma
waves in the transition region of the earth's bow shock.
From Rodriguez and Gurnett [1975].

Figure 3

A schematic representation of electric and magnetic field
spectrums observed in the earth's bow shock.

Figure 4

A comparison of the transition region electric field spectrums from four planets:

Venus, Earth, Jupiter and

Saturn.
Figure 5

Representative electric and magnetic field spectrums for a
series of interplanetary shocks observed by ISEE-3 at 1
.■ ■ ' '

Figure 6

AU.
:

■

■ . ■ -

A scatter plot showing the variation in the intensity of
the high frequency electrostatic noise as a function of
the electron to ion temperature ratio.

From Rodriguez and

Gurnett [1976].
Figure 7

Electric field and plasma measurements of

quasi-

perpendicular shock from ISEE-1 showing that the onset of
the high frequency electrostatic noise occurs coincident
with the onset of ions (^j) gyrating ahead of the shock.
Plasma data from Paschmann et al. [1982].
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Figure 8

A series of vn cuts of the electron velocity distribution
function obtained in the vicinity of the earth's bow
shock.

Note the beam in the transition region.

Plasma

data from Feldraan et al. [1982],
Figure 9

A spectrum from Prognoz 8 showing a peak in the low frequency electric field noise near the lower hybrid
resonance frequency.

Figure 10

From Vaisberg et al. [1983].

An illustration showing the geometric relationship between
the shock transition region, the tangent field line, and
the electron and ion foreshock regions.

Figure 11

,.

A multichannel electric field plot showing the onset of
electron plasma oscillations at the electron foreshock
and the onset of ion-acoustic waves at the ion foreshock.

Figure 12

High resolution frequency-time spectrograms showing the
change in the spectrum of electron plasma oscillations
from a very narrowband emission near the electron foreshock boundary (A) to a much broader highly structured
emission deep in the foreshock (B).

From Fuselier et al.

[1984].
Figure 13

Examples of soliton-like structures in the waveform of
electron plasma oscillations observed upstream of
Jupiter's bow shock.

Figure 14

'

From Gurnett et al. [1981a].

High resolution frequency-time spectrograms of ionacoustic waves observed in the ion foreshock region
of the earth's bow shock.

From Anderson et al. [1981].
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Figure 15

An example of the magnetic fluctuations associated with
the upstream ULF magnetohydrodynamic waves.

Note the

highly coherent nature of these waves and the large amplitude relative to the background field [from Fairfield,
1969].
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TABLE 1
Correlation Coefficient

Upstream
Parameter

E^, Low Frequency
Electric Field Noise

Ey, High Frequency
Electrostatic Noise

-0.29

-0.27

0.15

MA

-0.29

-0.30

0.15

Ms

0.19

0.24

0.13

|B|

0.31

0.16

0.34

^Bn

0.34

0.14

0.39

V

-0.16

-0.36

0.30

N

0.03

0.24

0.50

Te

-0.20

-0.24

-0.12

Ti

-0.38

-0.57

0.18

0.42

0.60

-0.11

Te/Ti

Magnetic
Field Noise

BL,

Here, 3 = 2yoNK(Te + Ti)/B2, M^ = VS^/VA, and Mg = Vs^/Vs. where
VA

= B//iioP^, and Vg = [^<{TQ + W/m^] 1/2.
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